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ABSTRACT With the increasing adoption of dc power distribution in both residential and commercial
electrical installations, the need for a universal power electronics interface capable of connecting either
single-phase or three-phase ac systems to dc-powered buildings is becoming more critical. While 230
Vrms and 400 Vrms remain standard voltages on the ac side, 350 Vdc has emerged as a widely accepted
standard for dc distribution inside building, in accordance with the NPR 9090 and Current/OS protocols.
Additionally, bipolar ±350 Vdc has been gaining traction due to their ability to scale to higher power levels
while maintaining the same safety standards as lower-voltage unipolar ones. These trends highlight the
increasing demand for highly efficient and flexible power electronics interfaces that can support at same
time, a wide range of ac and dc voltage levels, including unipolar and bipolar configurations. To address
these needs, this paper proposes a universal interlinking converter (ac-dc) capable of operating with both
single-phase and three-phase ac sources, as well as with unipolar and bipolar dc microgrids. The proposed
solution addresses a wide range of applications with a single, adaptable hardware platform. To validate the
concept, a 5-kW prototype was developed and tested. Experimental results show that the proposed converter
maintains stable operation in different modes, remains fully functional under fault conditions, such as the
disconnection of one or two phases, as well as operating with both unipolar and bipolar dc microgrids with
natural voltage balancing. These results validate the proposed converter as a universal solution capable of
covering a wide range of applications.

INDEX TERMS AC–DC power conversion, bipolar, dc microgrids, dual active bridge, grid-forming.

I. INTRODUCTION
DC microgrids have seen increasing adoption in recent years
across a wide range of applications, largely driven by the
growing prevalence of dc-powered loads and sources, such as
electric vehicles (EVs), photovoltaics (PV), and USB Power
Delivery (USB PD) compliant appliances [1]. Such devices
are largely used in residential, commercial, and industrial sec-
tors. In particular, dc power distribution is gaining relevance
in homes and offices, where a significant number of end-use
devices, such as laptops, battery chargers, LED lighting, and
TV sets, operates with dc [2], [3], [4], [5].

Because of these reasons, recent years have seen the emer-
gence of initiatives focused on standardizing dc electrical
installations in buildings. Currently, the main standards re-
lated to dc are the NPR9090 [6] and the Current/OS [7].
In both cases, 350 Vdc has been emerging as the primary
voltage standard for power distribution inside buildings, either
residential or commercial ones [1]. For the ac side, 230 Vrms

or 400 Vrms are employed as single-phase or three-phase ac,
depending on power demand and application [8].

To enable dc power distribution in buildings, the conven-
tional approach is to develop a single-phase or three-phase
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ac-dc converter – commonly referred to as an interlinking con-
verter – that integrates both ac and dc grids [1]. An emerging
challenge in this context is the development of a universal ac-
dc converter capable of interfacing different types of ac grid
voltages with dc power distribution inside buildings [9]. For
instance, residential installations may use either single-phase
or three-phase ac systems, depending on local infrastructure
and load requirements.

Converters that support both single-phase and three-phase
ac inputs improve system reliability by maintaining operation
under fault conditions, such as the loss of a phase or discon-
nection on the ac side. This approach also offers significant
flexibility, enabling the same converter to be used across a
wide range of applications [10], [11]. Additionally, bipolar dc
microgrids are gaining adoption in many applications due to
their ability to scale to higher power levels while maintaining
the same safety standards as lower-voltage unipolar systems
[12].

The main limitation of bipolar dc microgrids is the in-
creased complexity in protection and control, particularly in
maintaining voltage balance between the positive and neg-
ative poles under unbalanced load conditions [10], [11]. In
fact, unipolar dc distribution has been predominant in the
building sector due to the added complexity associated with
implementing bipolar configurations [12]. However, with re-
cent technological advancements, using a converter capable of
bipolar connection can eliminate the need for costly retrofits
when power demand increases in existing unipolar installa-
tions [10], [11].

Currently, the most common solution for providing dc
power distribution inside buildings relies on two-stage topolo-
gies based on isolated ac-dc converters. This typically in-
cludes an ac-dc converter for power factor correction and grid
integration, followed by an isolated dc-dc converter for safety
compliance [9]. Here is necessary to notice that isolation is
a mandatory requirement in both, NPR9090 [6] and the Cur-
rent/OS [7], making dual active bridge converters essential for
dc-powered buildings.

Commercial ac-dc solutions capable of operating with dif-
ferent ac grid standards are already available on the market,
i.e., the Sol-Ark Hybrid Inverter [13]. This product supports
both single-phase and three-phase configurations, for battery
energy storage integration. However, fully universal solutions
that support not only different ac grid voltages but also both
unipolar and bipolar dc connections remain an open gap in the
current literature. [10], [11].

One possible approach to enable bipolar dc electrical in-
stallations is using a multiport converter, as presented in [3]
and [14]. In this case, a decoupled control strategy is re-
quired to regulate the bipolar dc bus and ensure proper voltage
balancing [14]. Voltage imbalances are a common issue in
bipolar dc installations due to the unpredictability of load
usage and connection patterns within the installation. As a
result, implementing a voltage balancing strategy is important
to ensure stable and reliable operation of bipolar dc microgrids

[12], [15]. However, using a multi-port converter result in a
highly complex control system that is strongly dependent on
the system parameters [14].

Another possible approach to create a bipolar output in-
volves using multi-level converters at the dc-dc stage, such as
flying capacitor-based or neutral point clamped configurations
[12], [16], [17], [18]. However, in these cases, voltage balanc-
ing strategies remain necessary, and the hardware complexity
increases due to the higher number of semiconductor devices
and gate-driver circuits required.

As there is currently no truly universal solution addressing
both unipolar and bipolar dc integration with different ac grid
standards, the authors initially published two research papers
at ICDCM’25 [10], [11], which partially addressed this gap.
Part I [10] was focused on the overall system architecture and
control strategies related to the ac grid interface, including
compatibility with both single-phase and three-phase volt-
ages. Part II [11] was concentrated on the dc-side operation,
specifically supporting bipolar configurations. However, due
to the complexity of the topic, a unified solution was not yet
covered within a single paper, which motivates the extension
of this research into the present manuscript.

The proposed power converter topology and control di-
agram are presented in Fig. 1. To advance the prior con-
tributions, this paper presents an extended and integrated
version of the previous work presented in [10] and [11],
bringing together and elaborating on the technical details,
analytical discussions, and experimental validations that were
only partially explored in the earlier conference publica-
tions. Therefore, the main contributions of this paper are as
follows:
� Development of a universal ac-dc interlinking converter

capable of interfacing both single-phase and three-phase
ac sources with unipolar and bipolar dc microgrids using
a single hardware platform;

� A detailed system design and control strategy that en-
ables robust operation, provides fault detection, and
ensures safe reconnection for partial operation when nec-
essary;

� Comprehensive analysis that consolidates and extends
previous work, offering a unified and in-depth reference
for future research and implementation.

As such a universal converter has not yet been reported in
the existing literature, this work provides a clear contribution
by unifying the operation with both single-phase and three-
phase ac sources and with unipolar and bipolar dc microgrids
using a single hardware platform. This flexibility and unified
control structure highlight the novelty and practical relevance
of the proposed converter.

The paper is organized as follows: Section II presents the
main standard requirements and the voltage imbalance issues.
Section III presents the system description, converter design,
and operation modes according to the ac grid condition and
configuration. Section IV presents the experimental results.
Finally, Section V summarizes the main conclusions.
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FIGURE 1. Proposed AC-DC interlinking converter and control system, including: (a) Power converter topology based on the current-fed dual active bridge
(CF-DAB) converter for isolation and voltage balancing for the dc grid side, and the four-wires three-phase ac-dc converter with split-capacitor for the ac
grid connection; (b) block diagram for individual phase control, and operation mode identification.

II. DESIRED SPECIFICATIONS AND VOLTAGE IMBALANCE
CHALLENGES IN BIPOLAR DC MICROGRIDS
The main directives to standardize dc power distribution have
been proposed by NPR9090 [6] and the Current/OS protocols
[7]. These standards cover several aspect of the electrical
installation, including safety, protection zones, and voltage
levels. For the ac grid, the voltage levels are determined
based on the grid code and country-specific regulations. The
requirements for ac grid connection at low voltage, where
residential-scale applications are included, are defined in IEC
TS 62786 [19], while power quality and electromagnetic com-
patibility standards are specified in IEC 61000-3-2 [20].

A. AC GRID REQUIREMENTS AND POWER RATING
For ac grid integration, the main requirements are outlined
in the following. Additionally, [1] provides an extensive
overview of the features and standard requirements for ac
integration in building applications and can serve as a com-
plementary reference.

Voltage ratings: the ac-dc interlinking converter must be
capable of handling 230 Vrms for single-phase and 400 Vrms

for three-phase systems.
Power and current ratings: for residential scale, the current

designs are going up to 5 kW, resulting in a nominal current
equal to 7.25 Arms per phase [9].

Power quality and harmonic distortion: for equipment with
an input current of up to 16 Arms, the total harmonic distortion
(THD) must not exceed 5%, as specified in IEC 61000-3-2
[20].

Power factor control: according to IEC 61727, the power
factor should be above 0.9 in any operational case, higher than
50% of the nominal power [21], [22].

In addition, ac grid integration requires support for func-
tionalities such as overvoltage (OVRT) and undervoltage
ride-through (UVRT), reactive power control, and other an-
cillary services [23], [24].

B. VOLTAGE RATINGS FOR THE DC SIDE
According to the NPR9090 and Current/OS protocols, the
following voltage levels are defined for different applications
[7]:
� 1.4 kVdc unipolar: applied exclusively to unipolar in-

stallations in industrial environments and high-power
applications, including transportation [8];

� 700 Vdc unipolar: typically used at medium-power, such
as public lighting and large commercial buildings. For
higher power demands, the bipolar configuration is pos-
sible [8];

� 700 Vdc bipolar: bipolar installations (±700 Vdc) can be
used to increase the power deliver capability of unipolar
700 Vdc. The total output voltage is 1.4 kVdc, which still
complies with the standards’ voltage limits [6];

� 350 Vdc unipolar: typically applied at low power levels,
including offices, houses, and other small buildings. Due
to its higher safety level, it is particularly suitable for res-
idential and commercial buildings, where the end-users
are closed to the power distribution [9];
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FIGURE 2. Grounding schemes for bipolar dc microgrids, with several
distributed energy resources (DERs), common in residential buildings.
(a) TN-SCD grounding; (b) TN-SCDD [12].

� 350 Vdc bipolar: applicable for building-scale systems
where extended power delivery and longer distances are
required, i.e., in universities, malls, public spaces, and
commercial buildings with multiple floors. The safety
level is comparable to that of 350 Vdc unipolar systems.

Considering the voltage levels discussed, the main advan-
tage of adopting bipolar dc microgrids in residential and
commercial applications is their scalability. By using an in-
terlinking converter with bipolar capability, as illustrated in
Fig. 1, the same system can be applied to larger buildings
or help avoid costly retrofitting in smaller installations when
power demand increases. The following subsection presents
the voltage imbalance issues and installation requirements
associated with bipolar systems.

C. VOLTAGE IMBALANCE ISSUES IN BIPOLAR DC
MICROGRIDS
In bipolar dc microgrids, voltage imbalance occurs when
loads on the positive (vdc−1) and negative (vdc−2) poles are
different. When a voltage imbalance occurs, the midpoint
voltage can deviate from zero, resulting in a potential dif-
ference between the midpoint and ground. This deviation can
lead to several installation-related problems, including corro-
sion, leakage currents, and, at best, the activation of protection
systems – which may result in power supply interruptions
[12], [15].

References [12] and [15] presents an overview of dc mi-
crogrids protection and grounding. From the installation point
of view, grounding should be implemented using antipar-
allel diode arrays, as illustrated in Fig. 2. The two main
recommended grounding schemes for bipolar dc systems
are TN-SCD and TN-SCDD. The TN-SCD configuration
[Fig. 2(a)] is suitable when the installation includes a central
high-power source, such as an interlinking converter, com-
bined with several lower-power distributed energy resources
(DERs). The TN-SCDD scheme [Fig. 2(b)] is more appro-
priate when the power distribution is composed of multiple
decentralized and equivalent rated units.

Regarding protection requirements, the use of bipolar or
unipolar solid-state circuit breakers should be determined by
the grounding scheme [25], [26], [27]. Additionally, voltage
balancers play a crucial role in ensuring safe operation by

TABLE 1. Comparison of Different Voltage Balancers for Bipolar DC
Microgrids Using DAB Converter

FIGURE 3. Active voltage balancers topologies for bipolar dc microgrids:
(a) buck/boost; (b) dual-buck; (c) Cuk; (d) SEPIC; (e) Zeta.

reducing voltage drops along the distribution lines and sim-
plifying protection design. The following subsection provides
a brief overview of different voltage balancers.

D. ACTIVE VOLTAGE BALANCERS
In [12] different voltage balancer topologies are presented
as solution to generate a bipolar output for dc microgrids.
The main solutions include buck/boost [28], dual buck [29],
Ćuk [30], SEPIC [31], and Zeta converters In this paper, a
self-balanced configuration is proposed based on a current-fed
dual active bridge (CF-DAB) converter, which includes two
interphase inductors (Ldc−1, Ldc−2) as illustrated in Fig. 1.

The full CF-DAB converter operation is detailed in Sec-
tion III. However, to compare different solutions, Table 1
provides an overview of different voltage balancers used in
bipolar dc microgrids, while Fig. 3 presents the balancers’
topologies.

According to Table 1 it is noted that the CF-DAB offers
a promising solution as this does not require any additional
switch or gate-driver circuit. However, the presence of two
additional interphase inductors can lead to increased cost, and
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FIGURE 4. Possible converter operation modes, according to the ac grid
connection, and fault occurrence; (a) Mode I; (b) Mode II; (c) Mode III; and
(d) Mode IV.

volume, as well as occurs in other solutions, such as dual buck
[29], Cuk [30], and SEPIC [31]. Compared to other solutions,
the buck/boost-type balancer presented in [28] and illustrated
in Fig. 4(a) offers the advantage of a reduced passive com-
ponent count, requiring only one inductor, which translates to
lower costs. However, the interleaved nature of the CF-DAB
provides clear advantages, enhancing the overall system effi-
ciency.

III. SYSTEM DESCRIPTION AND POWER CONVERTER
DESIGN
To accomplish the main requirements listed in Section II,
the proposed universal interlinking converter is shown in
Fig. 1. On the dc side, the modified CF-DAB converter is
employed to provide isolation and voltage regulation for the
power distribution inside building – the dc microgrid side.
The CF-DAB converter was selected to provide wide voltage
gain, and possibility to be connected either with unipolar,
or bipolar dc microgrids. With the used CF-DAB topology,
the middle point M can be grounded to provide ±350 Vdc in
bipolar configurations, if needed. For unipolar dc microgrids,
the complete dc link Cout−1+ Cout−2, or Cout−1, and Cout−1 can
be used individually, with the middle point as reference, since
this topology is self-balanced.

On the ac side, a four-wire, two-level voltage source con-
verter (2L-VSC) is used, incorporating a split capacitor in
the intermediate dc link (Cint−1 + Cint−2). The split capaci-
tor enables this topology to support individual phase control,
allowing operation with single or three-phase as needed [3].
Such a degree of freedom enables the implementation of
advanced modulation patterns like the variable switching
frequency PWM introduced in [32]. However, it is not pos-
sible to actively control common-mode voltage preventing
the implementation of space vector PWM and discontinuous
PWM. The converter’s operation modes are determined by the
number of phases available on the ac side, while the dc-dc
converter continuously regulates the output (Cout−1+ Cout−2)
at the nominal voltage of 350 Vdc.

TABLE 2. Voltage, Current, and Power Ratings According to the Converter
Operation Modes

A. POSSIBLE OPERATION MODES
The converter’s operating modes are determined based on the
number of available ac phases and the presence or absence of
a neutral connection.

Fig. 4 illustrates the equivalent circuit configurations as-
sociated with each mode. Additionally, both normal and
abnormal operating conditions are considered, with abnormal
conditions referring to fault scenarios such as phase loss or
disconnection.

Considering a 5 kW converter, Table 2 summarizes all pos-
sible operating conditions according to the operation modes
described in Fig. 4.

Mode I: Fig. 4(a). Normal operation and three-phase connec-
tion, with neutral connected.

Mode II: Fig. 4(b). Normal operation and single-phase con-
nection.

Mode III: Fig. 4(c). Abnormal operation during a single-phase
disconnection.

Mode IV:, Fig. 4(d). Abnormal operation during single-phase
and neutral disconnection. Even though this operation
mode is a possibility, due to protection concerns is not
recommended, and will not be presented in this paper.

B. CONTROL STRATEGY AND PHASE DISCONNECTION
DETECTION
The main control diagram is presented in Fig. 1(b). The main
concept is to use an algorithm to identify the grid conditions,
including number of phases available, and presence of neutral
wire. According to the ac grid conditions, the operation modes
are selected. Fig. 5 presents an algorithm which represents
phase identification, and operation modes selection.

For ac grid synchronization, a Second-Order Generalized
Integrator Phase-Locked Loop (SOGI-PLL) is employed [33].
SOGI-PLL provides three synchronized voltage references
(v∗

an, v∗
bn, vcn

∗) according to the phase-neutral voltages, and
the measured peak voltages (van−peak , vbn−peak , vcn−peak).
The peak voltages are then evaluated according to the ac-
ceptable voltage range defined for proper operation according
to IEEE 1547-2018 [21]. If the vxn−peak is out of this
pre-defined voltage limit range (vx−limit−, vx−limit+), the re-
spective phase x is not allowed to be connected. The same
criteria are applied for disconnection in the event of a fault.
Therefore, the algorithm serves both to identify available
phases and to detect a fault occurrence.
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FIGURE 5. Pseudo code for phase disconnection detection, operation
modes selection, and reconnection.

C. ISOLATED DC/DC BACK-END
In this paper a self-balanced configuration is proposed, based
on a current-fed dual active bridge converter (CF-DAB), as
presented in the isolation stage (dc-dc) of Fig. 1. The key
concept of the CF-DAB is the presence of two additional
interphase inductors, which enable the splitting of the output
dc link into two capacitors (Cout−1+Cout−2). The converter op-
erates using a modified single phase-shift modulation (PSM)
introduced in [34], whose processed power is described

FIGURE 6. Main waveforms of the modified CF-DAB converter shown on
Fig. 1. The phase-shift modulation (δ) controls the power transfer, while
the fixed duty cycle of 0.5 helps maintain balanced output voltages.

by:

P = vintvout

fsLlk
· [

d (1 − 2d ) − (0.5 − D)2] (1)

where δ � [ − 0.25: 0.25] is the outer phase-shift angle,
D � [0: 1] is the duty-cycle, and fs is the switching frequency.
When system is balanced, replacing D = 0.5 in (1) leads to
the conventional single-phase-shift power equation presented
in [9]. On the other hand, if a balancing action is needed (i.e.,
unbalanced conditions) the duty cycle D is slightly modified
either above or below 0.5 according to the current polarity in
the middle point. Whenever D � 0.5, the DAB transformer ex-
periences the same current and voltage waveforms typical of
dual-phase-shift modulation having inner phase shift D1 = D;
additional details are given in [34].

In any case, if one knows coupling inductor ESR and the
maximum expected unbalance current it is possible to operate
the converter without additional control loops setting D = 0.5
achieving tolerable middle point voltage drift.

Compared to other solutions, the proposed CF-DAB does
not require additional power switches greatly simplifying the
bill of material. However, the main drawback of this self-
balancing approach is that under unbalanced conditions, a dc
offset appears in the inductor currents which can overstress the
semiconductors on the secondary side (S11-S14). Interestingly
in either balanced or unbalanced conditions, the circulating
triangular current ripple behaves likewise a magnetizing cur-
rent leading to an extension of the ZVS region at light-load;
more can be found in [35]. CF-DAB main waveforms are
visible in Fig. 6.

D. POWER CONVERTER DESIGN
The power converter design should be made to accomplish
with the IEC 61000-3-2 requirements about the total harmonic
distortion [20]. Considering the LCL filter presented in Fig. 1,
the three-phase system can be decoupled into three single-
phase ones, defined by the transfer function (2), where Upwm

is the converter voltage, and iL1 is the current output related to
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TABLE 3. Main Specifications and Parameters for the Universal
Interlinking Converter

TABLE 4. Measured Voltage Balance for the Buck/Boost-Type Balancer

the phase currents (ia, ib, ic) .

iL1(s)

Upwm(s)
= s · Cf · R f +1

s3 · Cf · L1 · L2+s2 · Cf · (L1+L2)+s · (L1 + L2)
(2)

From (2), it is possible to define the main parameters to de-
sign the LCL filter, including natural frequency (ωn), damping
factor (ξ ), and resonance frequency (ωres), given by (3), (4),
and (5), respectively.

ωn =
√

L1 + L2

Cf · L1 · L2
(3)

ξ = R f · (L1 + L2)

2 · ωn · L1 · L2
(4)

ωres =
√

L1 + L2

Cf · L1 · L2
− 1

2
· R f · (L1 + L2)

L1 · L2
(5)

In addition, the filter attenuation (Ks) for a given switch-
ing frequency (ωs) is defined by (6), considering that D =

FIGURE 7. Experimental prototype, including: (1) AC grid connection and
LCL filter; (2) AC-DC converter; (3) gate-driver; (4) intermediate dc-link (800
Vdc); (5) high-frequency transformer; (6) current-fed dual-active bridge
converter; (7) interphase inductors (Ldc−1 and Ldc−2); (8) microgrid dc-link
(± 350 Vdc).

TABLE 5. Measured Voltage Balance for the CF-DAB Converter

− jωs3L1L2Cf – ωs
2 Cf Rf (L1+L2) + jωs(L1+L2).

Ks =
∣∣∣∣Cf · R f · ωs + 1

D

∣∣∣∣ (6)

Solving the set of (2)–(6) is possible to determine L1, L2,
Cf , and R f , according a predefined THD criteria. The param-
eter Ks is related to the THD according to (7).

Ks ≤
√

2 · iL2 · T DH

Upwm
(7)

For the isolation stage, there are two main parameters to
be determined: the transformer leakage inductance (Llk), and
the inter-phase inductors (Ldc−1, Ldc−2). The complete design
procedure for defining the leakage inductance in dual active
bridge (DAB) converters is well established and can be found
in detail in [9].

Initially, the intermediate dc bus voltage vint is 800 Vdc,
to enable the synthesis of 400 Vrms voltage at the ac input
side. For the transformer turns ratio, the relation 1: 1 (n: 1)
is selected to allow an output voltage vout equal to 700 Vdc

(±350 Vdc), following the Current/OS protocols [7].
For proposed design, a switching frequency (fs) equal to

100 kHz was used while voltage, current, and power levels
are presented in Table 3. For each power module, the rated
power is limited according to the rated current, considering the
semiconductors and inductive limitation. As design criteria,
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TABLE 6. Comparison of Interlinking Converters Topologies With Universal Compatibility Potential

considering the maximum processed power equal to 5 kW, the
rated current is 7.25 Arms per phase.

For the dc-dc stage, both the transformer and switches are
designed to handle 5 kW, with the number of phases available
on the ac side being the main limitation for the processed
power. The leakage inductance is designed according to (1),
while selecting the inductances necessary to implement the
voltage balancers (Ldc−1, Ldc−2), (8) is considered.

Ldc−x = VL · D

�i · fs
(8)

Being the inductance voltage (VL) always equal to 350 Vdc,
since the output voltage is balanced, the current ripple (�i) is
defined as design criterion.

Higher values of �i lead to increased conduction losses
in the switches, whereas lower values of �i require larger
inductances, which increase size, cost, and weight of the mag-
netic elements. Therefore, a trade-off must be established to
balance efficiency and component sizing. Considering �i = 3
A, the resulted inductances are Ldc-x = 600 uH. The detailed
designed components, current rating and power levels are
according to previously presented in Table 2. Table 3 presents
the description and main parameters for the developed proto-
type.

IV. EXPERIMENTAL RESULTS
To experimentally validate the proposed interlinking con-
verter, a 5-kW prototype was built as presented in Fig. 7. The
main design parameters are presented in Table 3, following
the design specifications of Section II. The converter’s wave-
forms were obtained with a 350 MHz oscilloscope Tektronix
DPO4034, 100 MHz differential voltage probes, and a 120
MHz current probe.

To provide a clear understanding of the experimental results
and to highlight the different operating capabilities of the pro-
posed converter, the analysis is organized in three parts. First,
the ac–dc operation is evaluated, considering the different ac
grid configurations and connection and disconnection proce-
dures. Next, the dc–dc operation is presented, evaluating the
self-balancing characteristics of the CF-DAB under balanced
and unbalanced load conditions.

Finally, additional comparative results are presented, in-
cluding a discussion of the proposed solution in relation to
conventional buck/boost-based balancer, to identify the main
advantages and limitations of the proposed solution.

A. AC-DC CONVERTER OPERATION
Fig. 8(a) and (b) illustrate the initialization procedure. Ac-
cording to the Current/OS protocols [7], the interlinking
converter must be capable of providing a soft-start for the dc
microgrid. For this reason, a ramp on the current reference
was implemented in both cases – thee-phase and single-phase
connection – to limit the inrush current during start-up. The
connection/disconnection time, and soft-start requirements
can be verified in the Current/OS documentation in [7]. In this
first test a balanced load equal to 1k-W is considered, and the
output voltage is 700 Vdc.

To verify the bidirectional operation, a laboratory power
supply ITECH IT6006C-800-25 is utilized to emulate power
generator.

Initially, the processed current is negative, equal to -1 A,
which means that power flows from the dc microgrid to the
ac grid. Then, a positive current reference, equal to 1 A, is
defined to emulate a scenario where the increased overall
power demand increases. As a result, the interlinking con-
verter inverts the current direction resulting in positive power
flow, from the ac grid to the dc microgrid.

To verify the different operation modes, a phase disconnec-
tion test is performed on the ac grid side. The experimental
results are presented on Fig. 9. First, the interlinking converter
is connected to the grid in Mode I (normal mode, with three-
phase connection). According to the algorithm presented in
Fig. 5, when a phase disconnects occur, the converter detects
the event and completely disconnects from the ac grid, as
presented in Fig. 9(a). After a period of 10 seconds, the con-
verter identifies the remaining phases, and reconnect again, as
presented in Fig. 9(b).

After operating in Mode III, a second test is performed by
disconnecting phase-b. When the fault occurs, the interlinking
converter detects it once again and disconnects from the grid
as presented in Fig. 10(a). The reconnection process in single-
phase mode is presented in Fig. 10(b).
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FIGURE 8. Experimental results for the ac grid connection: (a) Three-phase
ac connection; (b) single-phase ac connection; and (c) bidirectional
operation; including, the ac grid voltages (va, vb, vc); phase-a current (ia);
output dc current (iout ); and CF-DAB converter secondary voltage and
leakage current (vsec , ilk).

Fig. 11 presents the measured THD for different cases.
Since the converter operates with independent phase control,
similar THD values are observed across different operating
modes, with no significant differences noticed between them.
The performed tests considered three different cases: at rated
power, 50%, and 10% of power to verify compliance with the
IEC 61000-3-2 standard.

B. DC-DC CONVERTER OPERATION
In the second part of the experiments, the dc–dc stage
was evaluated to verify its voltage regulation capability and

FIGURE 9. Experimental results for the phase disconnection under fault
occurrence and ac grid reconnection: (a) Three-phase ac operation and
disconnection after the fault occurrence; (b) AC grid reconnection,
including the ac grid voltages (va, vb, vc); and the phase-c current (ic).

self-balancing feature of the CF-DAB converter. Initially, the
main power conversion stages were verified, including the
ac-dc and the isolated dc-dc stages.

Fig. 12(a) shows the three-phase ac voltages (400 Vrms) and
the rectified intermediate dc bus voltage, which is regulated at
800 Vdc. From this intermediate bus, the CF-DAB converter
operates to deliver a total output voltage of 700 Vdc. The
resulting phase-shift is around 31 deg for a total processed
power of 5 kW. Considering a balanced system, 2.5 kW were
processed for each output voltage (vout−1 and vout−2). As
the system is balanced, the resulting current in the voltage
balancer has no off-set, and only the high-frequency ripple is
noticed.

To verify the voltage balancing capability of the CF-DAB
converter, Fig. 13 presents two different scenarios. Fig. 13(a)
shows the main waveforms when no load is connected to the
negative pole (vout−2), meaning that the total output power is
delivered only to the positive pole (vout−1).

As a result, a dc offset of approximately 3.7 A is observed
in the balancer currents (idc−1, idc−2). Similarly, Fig. 13(b)
presents experimental results when all power is processed
through the negative pole (vout−2). In this case, a negative dc
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FIGURE 10. Experimental results for the phase disconnection under fault
occurrence and ac grid reconnection: (a) Two-phase operation and
disconnection after a second fault occurrence; (b) AC grid reconnection,
including the ac grid voltages (va, vb, vc); and the phase-c current (ic).

FIGURE 11. Experimental results for the total harmonic distortion.

offset is noticed in idc−1 and idc−2. Considering the experi-
mental results, the CF-DAB converter is verified and validated
as an effective voltage balancer, being able to operate with
both unipolar and bipolar dc microgrids.

Fig. 14 presents the experimental efficiency results of the
proposed interlinking converter operating under unipolar and
bipolar dc configurations. In the unipolar case, shown in
Fig. 14(a), slightly higher losses are observed, mainly due to
circulating currents caused by load imbalance, since only one
dc bus is active. Nevertheless, the overall efficiency remains

FIGURE 12. Experimental results of the interlinking converter: (a) AC-DC
stage, including the phase-neutral voltages (va, vb, vc) and the
intermediated dc bus voltage (vint ) equal to 800 Vdc ; (b) current-fed dual
active bridge converter waveforms, including primary and secondary
voltages (vpri , vsec), transformer current (ilk), and the interphase inductor
current (iLdc-1).

satisfactory, reaching a peak value of 92.6% at 2 kW. In con-
trast, the bipolar configuration, shown in Fig. 14(b), operates
under balanced conditions and achieves the highest efficiency,
around 95.4% at 4 kW.

The higher efficiency observed in the bipolar case is
also associated with the higher power being processed, load
balanced, and higher output voltage. These two cases are
presented to illustrate the converter’s performance under crit-
ical operating scenarios, confirming that good efficiency is
maintained in both. The efficiency around 95% is explained
primarily due to the two-stage power conversion processing,
since the conversion losses are related to both ac-dc and dc-dc
stages.

In comparison with other existing solutions, the next sec-
tion presents a comparative analysis with an external voltage
balancer based on a conventional buck/boost-type balancer.

C. COMPARATIVE ANALYSIS
To evaluate the voltage regulation under different load condi-
tions, Tables 4 and 5 summarize the main experimental results
for both, the proposed CF-DAB converter and adding to the
system an external buck/boost voltage balancer as shown in
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FIGURE 13. Experimental results of the CF_DAB converter as a voltage
balancer considering imbalanced conditions: (a) When 2.5 kW is processed
to the positive pole (vout−1); and (b) 2.5 kW processed to the negative pole
(vout−2); including output voltages, and interphase inductors current (idc−1,
idc−2).

FIGURE 14. Experimental efficiency results of the proposed interlinking
converter operating under: (a) Unipolar dc bus, +350 Vdc; and (b) bipolar
dc bus, ± 350 Vdc (700 Vdc total).

Fig. 3(a). To provide a fair comparison, same inductors and
semiconductors are used in both cases.

According to the measurements, the maximum observed
voltage deviation was 14.5 V, corresponding to 4.78 % of the
nominal output voltage (350 Vdc), for the self-balanced CF-
DAB converter. However, for both cases the voltage balancing
results are similar. Fig. 15 presents a comparative analysis of
the rms current for both solutions, including the inductors’
rms current [Fig. 15(a)], and switches [Fig. 15(b)]. For the
CF-DAB converter, the total rms current in the inductors is
reduced, while it is partially increased in the switches. As pre-
viously explained, this occurs because the current processed

FIGURE 15. Comparative analysis of rms current for both solutions,
CF-DAB converter and buck/boost-type voltage balancer: (a) Inductors rms
current; (b) main semiconductors rms current.

by the switches includes both the transformer current (isec)
and the voltage balancing currents (idc−1, idc−2).

The main drawback of the CF-DAB converter is the
asymmetrical power losses in the switches, which may lead
to early failure of certain semiconductors – depending on
the bipolar dc microgrid operation. On the other hand, the
buck/boost-type balancer requires two additional switches,
driver circuits and results in increased rms current, potentially
leading to higher power losses. This issue becomes more
critical at higher power levels, where the dc offset increases
significantly. When a separate voltage balancer is used, the
balancing current is fully handled by S15 and S16, preventing
the DAB converter switches (S10-S14) from being overloaded.
Furthermore, the use of a single inductor in the buck/boost-
type balancer helps reduce the number of passive compo-
nents, contributing to a more compact and cost-effective
design.

Finally, Table 6 presents a comparison among different
topologies commonly used as interlinking converters between
ac and dc grids. Among the possible solutions, non-isolated
two-level [32] and multilevel [37] ac-dc converters can be em-
ployed. However, these approaches require a low-frequency
isolation transformer, which inherently limits system effi-
ciency and increases cost and volume.

The most conventional configuration is the two-stage con-
verter, consisting of a non-isolated ac-dc stage for ac grid
integration and a DAB converter for galvanic isolation [38].
The main drawback of this approach is that the DAB provides
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only a unipolar output, restricting its application in bipolar dc
microgrids. A common solution is to split the dc link using
an external voltage balancer, such as the buck/boost-type cir-
cuit presented in [39] and analyzed in this paper. However,
as shown in the experimental results, this approach reduces
efficiency due to additional losses and overload in the extra
semiconductor devices.

In [40] a multiport converter was proposed as an inter-
linking converter for bipolar dc microgrids. In this case, two
output ports are used to form a bipolar system. The main
limitation is the requirement of external inductors connected
in series with the isolation transformer, along with a complex
control strategy to ensure proper voltage balancing [14].

In comparison with these existing approaches, the proposed
solution offers a simpler and more efficient alternative. The
CF-DAB stage is inherently self-balanced, requiring only
two additional inductors. Experimental results demonstrate
superior efficiency compared to the traditional external
buck/boost-type voltage balancer. Therefore, the proposed
converter provides a fully universal solution, capable of
operating with both unipolar and bipolar dc microgrids,
without requiring complex control or significant hardware
modifications.

V. CONCLUSION
This paper presented an isolated ac-dc converter designed as
a universal interlinking converter for the integration of dc-
powered buildings with the ac grid. The proposed solution
is based on a four-wire ac-dc converter with a split dc link,
enabling individual phase control and supporting multiple
modes of operation under both normal and abnormal grid con-
ditions. For the dc-dc stage, a current-fed dual-active bridge
(CF-DAB) converter with two additional interphase inductors
is employed to ensure proper isolation between the ac and dc
grids.

To validate the proposed interlinking converter, a 5-kW
prototype was designed and tested in the laboratory. With its
individual phase-control capability, the converter can seam-
lessly interface with single-phase or three-phase systems,
enhancing both flexibility and fault resilience, because under
fault condition, the proposed converter can still work with a
derate of power. This adaptability ensures continued operation
even in the event of a single-phase fault or disconnection,
establishing the proposed converter as a robust solution for
modern dc-powered buildings.
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